The OLT is the interface between backbone and access networks, and it is also responsible for the enforcement of any media access control M"C protocol for upstream bandwidth arbitration. The ONU cooperates with the OLT in order to control and monitor all PON transmission and to enforce the M"C protocol for upstream bandwidth arbitration it also acts as the residential gateway, coupling the ODN with the in-home network.
The ODN consists of the distribution fibers and all the passive optical distribution elements, mainly optical splitters and/or wavelength-selective elements WDM filters , that are located in sockets or cabinets. The splitting ratio in most cases is between and , and can be performed in lumped or cascaded elements. The ODN power budget is usually taken as a reference for PON reach calculations, and is computed as the difference between the transceiver back-to-back power budget i.e. OLT transmitter directly coupled into ONU receiver or vice versa and the passive optical equipment necessary inside the OLT and the ONU to perform all multiplexing of PON signals into a single fiber. Hence, the ODN power budget considers the remaining power budget that can be spent for the distribution fibers and the distribution elements in the remote nodes. During the last years, the Full Service "ccess Network FS"N and the Ethernet in the First Mile alliance EFM working groups, in cooperation with the International Telecommunications Union ITU and the Institute of Electrical and Electronics Engineers IEEE standardization bodies, defined several PON standards, as summarized in Figure . For the purposes of this Chapter, we will not go through all these standards, since none of these has been approached with self-coherent reflective architectures that will be presented in this Chapter, but we will mention only the most recent one, called NG-PON Next Generation PON , in progress of standardization at the time of writing and with still open technological issues. In particular, we will address only physical layer aspects. The definition of such standard started in by FS"N.
Since about the % of the total investments in deploying PONs is due to the optical distribution networks, it is crucial for the NG-PON evolution to be compatible with the deployed networks and to reuse the outside plant. Moreover, NG-PON technology must outperform existing PON technologies in terms of ODN compatibility, bandwidth, capacity and costefficiency. For this reason, the initial wish list for NG-PON was originally very demanding, requiring not only an increase of bit rates with respect to previous generations, but also in terms of total number of users per PON tree and reach.
The major original general requirements of NG-PON can be summarized as follows
• increase the aggregate rate to Gbit/s in downstream or upstream
• increase the reach to -km or more
• increase the splitting ratio up to users or more
• compatibility with the attenuation classes defined in XG-PON, as reported in Table   • increase the effective bit rate per user in both directions to a value closer to Gbit/s per ONU. • a group of WDM-PON proposals which provide a dedicated wavelength channel at the rate of Gbit/s to each ONU with different WDM transmit or receive technologies [ , ] • the time-and wavelength-division multiplexed PON TWDM-PON proposal which stacks multiple XG-PONs using WDM [ ].
Figure . PON standards
The first proposal, based on a single wavelength per direction at very high bit rate, was finally discarded, since it was perceived as too expensive. Indeed, it had to include a duo-binary modulation and a downstream transmission around nm to avoid dispersion compensation. Moreover, it was not scalable, thus no future upgrades above Gbit/s downstream seemed feasible on a single wavelength.
The proposals based on OFDM are very interesting and technologically advanced solutions, but they do not easily guarantee a complete compatibility with existing deployed networks and devices.
Regarding the WDM-PON architectures, a key point is whether the WDM filters are inside the ODN or in the ONU.
The pure WDM-PON approach, based on WDM filters inside the ODN, generates some constraints to Telecom operators
• all passive splitters installed in the already deployed PON brown field scenario need to be substituted with "rrayed Waveguide Grating "WG filters
• limited backward compatibility with already deployed standards GPON, EPON, XG-PON, etc.
• a dedicated wavelength per user is a circuit per individual user, thus no sharing or statistical multiplexing is possible. • up to km
• up to d" of power budget
• full backward compatibility.
The basic TWDM-PON architecture is shown in Figure . Four XG-PONs are stacked by using four pairs of wavelengths e.g., wavelength pairs of Figure . ONUs are equipped with tunable transmitters and receivers. The tunable transmitter is tunable to any of the four upstream wavelengths the receiver is tunable to any of the four downstream wavelengths. In order to achieve power budget higher than that of . The reflective PON approach " very basic schematic view of a WDM-PON architecture is depicted in Figure . It makes use of integrated multichannel transmit TX and receive RX arrays in the OLT, and tunable laser T-TX and filters TOF in the ONUs. From the OLT, all downstream wavelengths are broadcast via the ODN therefore, a tunable filter is necessary at each ONU in order to select the correct wavelength. Similarly, each ONU has to be provided with a tunable laser for the correct upstream wavelength selection.
Figure . WDM-PON architecture
One of the few physical layer problems over which FS"N is still working today before the final NG-PON Recommendation release, is related to these two devices at the ONU. Indeed, they should both have a precision compatible with a GHz wavelength grid, and be able to tune on at least four wavelengths, adopting some protection systems during their switch-on time, in order to avoid interferences with other channels due to the uncontrolled wavelength transmission at the laser power on moreover, they should operate on a very wide temperature range and they should have a target price compatible with equipment to be installed at the customer premises. Moreover, in the longer term, if more than four wavelengths will be used for instance for WDM overly , this issue will be particularly critical.
"n alternative solution to overcome this problem is represented by reflective PON architectures, whose key idea is to generate the unmodulated upstream wavelengths at the OLT side, and modulate them in reflection at the ONU side, as schematically depicted in Figure . With respect to the setup depicted in Figure , the OLT is equipped by an additional multichannel transmit array, for the unmodulated seed signals generation, and the tunable laser at the ONU side is replaced by a reflective transmitter R-TX . This way, the costs and the technical issues the wavelength control in particular related to the tunable lasers are moved from the ONU to the OLT, where they can be more easily managed. 
. . Key components for the reflective ONU
Many variants of WDM reflective PON architectures can be found in literature, all around the common denominator of avoiding expensive tunable lasers at the ONU by means of using a reflective modulator for the upstream transmission that sends back a centrally-generated seed signal. One of the most common approaches adopted in order to obtain this effect at the ONU side is based on the use of Reflective Semiconductor Optical "mplifier RSO" , which combine the amplification and modulation capabilities in a single device. They are composed by a high reflectivity coating on one facet, along with a curved waveguide and ultra-low reflectivity coating on the other facet, to produce a highly versatile reflective gain medium [ ]. Today, few optical devices manufacturers propose commercial RSO" devices e.g. as CIP, MEL and Kamelian , since they are just used in the reflective PON scenario and at a research level. Since , the interest of RSO" as upstream transmitters for WDM-PON applications based on reflective ONU has grown-up. The first results have been proposed in [ ], where the uplink data stream was reflected and modulated via the RSO" at . Gbit/s, as then further developed and investigated in several later works e.g. [ -] .
In order to increase the upstream data rate up to Gbit/s in such an architecture, using this low-bandwidth devices, different approaches have been proposed by research groups, like the use of optical filtering and electronic equalization [ -] or the adoption of advanced modulation formats [ ].
"nother device that can be adopted as reflective transmitter at the ONU side is the Reflective Electro-"bsorption Modulator RE"M . E"M are semiconductor devices usually made in the form of a waveguide with electrodes for applying an electric field in a direction perpendicular to the modulated light beam. Their principle of operation is based on a change in the absorption spectrum caused by the applied electric field, which changes the band-gap energy without involving the excitation of carriers by the electric field the so called Franz-Keldysh effect [ ].
Reflective E"M include an E"M and a mirror, as schematically depicted in Figure , Figure , which makes these devices useful for optical fiber communication at
Gbit/s and above.
Differently from the RSO", these devices do not amplify the light but, if coupled in cascade to a Semiconductor Optical "mplifier SO" , they represent a very interesting solution for the ONU of a reflective PON architecture, since they provide a high-speed modulation capability, combined with the linear amplification of signal provided by the SO". This solution has been proposed in several works, like for example [ , ] , in order to achieve a Gbit/s upstream transmission in a WDM-PON scenario. suppressed optical modulation for application in frequency division multiple access FDM" PON. The architecture of this subsystem, presented at first in [ ], relies on using a MachZehnder modulator MZM simultaneously in both directions within a polarization diversity loop made of a polarization beam splitter P"S looped on itself through the modulator. The MZM provides RF access to both the electrodes independently, allowing modulation to be efficient in both the forward and the backward directions. On one electrode of the MZM, RF drive power is applied in the forward direction while, on the other electrode, the modulation is applied in the backward direction the same signal is applied to both sides . The two polarizations of the incoming optical signal are split through the P"S and sent to the MZM in counter-propagating directions the MZM having polarization maintaining fibers on both the input and the output . "fter being modulated, they are recombined through the P"S and sent back towards the OLT, as schematically depicted in Figure . 
. . Transmission issues in reflective PON
The reflective WDM-PON architectures proposed in literature in the last ten years seem to be completely incompatible with TWDM-PON for a set of different reasons such as
• most of them require the use of "WGs in the ODN, while as previously mentioned most telecom operators believes that backward compatibility in PON is a must, and thus the splitter-based architecture should be maintained also in NG-PON
• the achievable ODN loss is limited to typically -d", due to several spurious effects such as the Rayleigh back-scattering and the low received optical power
• most of them use a dedicated wavelength for each ONU, and do not support burst-mode TDM" in the upstream.
In a reflective architecture like the one depicted in Figure , the upstream signal undergoes the ODN path loss twice from the OLT to the ONU as CW seed signal and back to the OLT after the ONU reflection . The optical power at the OLT input is thus determined by the following formula
where P → CW is the optical power of the CW signal at the input of the fiber, L ODN is the ODN loss andG RONU is the gain of the optical amplifier installed at the ONU. Since the TWDM-PON standard fixed the maximum value for the launched optical power at the ODN input to + d"m per wavelength and the gain of the optical amplifier at the ONU is typically of the order of G RONU = dB, the optical power at the OLT input, for the lowest ODN class N L ODN = dB , is of the order of S = -dBm, which is lower than the sensitivity of the standard direct-detection receivers. Moreover, it is well known that, in such an architecture, the spurious back reflections for a SMF fiber are of the order of -d" below the forward propagating signal, due to the concentrated reflections on components and the Rayleigh backscattering.
Rayleigh backscattering is an unavoidable phenomenon in optical fiber propagation. It is a fundamental loss mechanism arising from random density fluctuations frozen in the fiber during manufacturing. There is a growing interest in understanding Rayleigh backscattering since it can be a limiting factor in various optical systems. It must be taken into account in the performance computation of bidirectional lightwave system, especially in a wavelength-reuse system, like for example the reflective PON architecture depicted in Figure . OLT
Rayleigh backscattering effect in reflective PON architecture at the OLT In such a system, the received optical power is composed by the useful signal S, as specified above, and the interference signal I due to reflections, given by
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where R ODN is the power of the reflections. Therefore, the signal to interference ratio is given
For a standard direct-detection receiver, even if the best solutions proposed in literature to mitigate the Rayleigh backscattering effect are adopted, the signal to interference ratio should be greater than -d". This sets an important limit to the maximum achievable ODN loss. Indeed, the maximum reachable ODN loss is lower than d", since the optical power of the spurious back reflections is about -d" below the forward propagating signal.
To improve the performance, one could in principle increase the G RONU , but there are technological component issues that limit the maximum reachable gain of optical amplifiers in addition, another issue can arise from the Rayleigh backscattering that is generated at the ONU side, as depicted in Figure 
. . Self-coherent detection in RPONs
"ecause of the aforementioned problems related to direct-detection, a coherent detection at the OLT seems to be a must in order to satisfy the NG-PON requirements, whether a reflective architecture approach is adopted.
The fundamental concept behind coherent detection is to use the product of the electrical fields of the modulated signal light centred at f S and a CW local oscillator centred at f LO . This produces a frequency down-conversion of the signal to the frequency f IF = | f S -f LO |, as schematically depicted in Figure . " possible implementation of coherent detection in a reflective PON architecture is depicted in Figure  in this case, the CW light source placed at the OLT side is used both as a feed to be sent downstream to the reflective ONU and as a local oscillator for the OLT coherent receiver, executing a self-coherent detection. Therefore, after the optical-to-electrical conversion, the signal is down-converted to baseband. "s demonstrated by the results available in literature presented in the following, this setup supports higher ODN loss values with respect to the limit of reflective PONs based on directdetection, in particular for the following reasons
• much better sensitivity than direct-detection
• much larger resilience to spurious back reflections.
Indeed, using a coherent receiver, the Rayleigh backscattering reflections appear as added close to the electrical DC, as depicted in Figure , thus they can be easily filtered out by electrical high-pass filters.
. Latest research results
WDM reflective PON variant, characterized by self-coherent detection at the OLT side, was initially proposed in [ ], where a RSO"-based WDM PON architecture, employing a novel self-homodyne receiver and a novel signal processing technique to eliminate the penalty caused by the back-reflection of the seed light, is proposed. In addition, they successfully demonstrated a long-reach fiber-loopback system of over km. These results indicate that the proposed architecture could provide an attractive solution to realize a long-reach WDM PON with high-split ratio. " possible implementation of the upstream transmission in a self-coherent reflective PON is shown in Figure  this architecture may offer the following advantages
• the upstream wavelengths comb accuracy is completely set by the OLT and not by each individual ONU. In this solution, each ONU needs to tune its optical filter by locking it on one of the N λ already existing wavelength
• subsequent upgrades to dense-WDM DWDM seem more feasible when using a number of wavelengths N λ significantly higher than , and possibly a narrower frequency spacing such as GHz , since it is possible to avoid tunable lasers at the ONU
• for each upstream wavelength, the required CW laser and coherent receiver at the OLT are shared by several ONUs of the order of N ONU / N λ so that their cost may be more reasonably justified.
In addition to WDM, a second level of multiplexing is necessary in order to overcome the limit of a dedicated wavelength per user this can be obtained sharing time, basing on Time Division Multiplexing TDM in the downstream and Time Division Multiple "ccess TDM" in the upstream, or frequency FDM and FDM" between users.
. . TDM-WDM results
"asing on the architecture depicted in Figure , the results presented in [ ] experimentally demonstrate the simultaneous transmission of two independent TDM" ONUs with upstream bit rate equal to . Gbit/s, working in TDM" burst mode and with performance compatible with E XG-PON class, thus compatible with US TWDM-PON requirements. "t the OLT, the signal demodulation is performed thanks to a self-coherent receiver and a custom burst-mode digital-signal processing technique. In particular, a conventional DSP solution based on Viterbi-Viterbi carrier-phase estimation and LMS adaptive equalization [ , ] has been modified to work in burst mode operation, focusing on the alignment procedures on the received packets and on the convergence speed of the LMS algorithm [ , ] .
The reflective ONU of such architecture is emulated as depicted in Figure . The CW signal reaching the ONU is reflected and modulated by means of a RE"M. The SO" placed in front of the RE"M amplifies the optical signal twice, first on the feed CW downstream, and then on the reflected and modulated upstream signal. In order to emulate the ONU wavelength selection functionality, a TOF is placed between the SO" and the RE"M. This TOF is also useful to partially filter out the "SE noise and, thanks to its approximately d" insertion loss, to avoid excessive SO" saturation in the upstream direction. The SO"+RE"M structure, even
though not yet commercial, has been integrated in several research projects such as in [ ] .
The . Gbit/s upstream signal is generated at the ONU by driving the RE"M by pure NRZ signal, while the optical packets are generated by switching on and off the SO".
Each packet contains a short dummy-pattern at the beginning and end of each burst, bits of sync-pattern and bits payload "/ " coded , as shown in Figure . The dummypattern is useful for absorbing the rise and fall-time of the SO" acting as a gate, and also the transient effect of the coherent receiver "C-coupling. The sync-pattern is used for identifying the start of each packet and also for training the LMS algorithm, before switching to the LMS decision-directed mode, which should carry out the burst payload elaboration. This system emulates a TDM" transmission from two independent ONUs with ns guard-time, where the ONU is the reference ONU and the ONU is the interfering ONU, reproducing the worstcase condition in terms of interference for such a system.
. . . The same setup was also tested increasing the upstream bit rate and using commercial DF" lasers rather than ECL lasers at the OLT side [ ]. The bit rate was set to Gbit/s per wavelength from the previous . Gbit/s rate , a bit rate currently under consideration in FS"N for the point-to-point WDM PtP-WDM for symmetric traffic, and for the TWDM-PON longer term evolution. Replacing the ECL lasers with DF" lasers would provide a significant cost reduction at the OLT. "s reported in [ ], in these working conditions, the FEC threshold is reached after d" and for a DOPL higher than d", satisfying the requirement of N class. 
. . FDM-WDM results
One of the main drawbacks of the more traditional TDM"-PON approach deployed nowadays, is that it does not scale well above Gbit/s per wavelength in term of cost/complexity and power efficiency, mostly due to the fact that each ONU should work on the aggregated bit rate.
On the contrary, FDM/FDM" approach allows ONUs to operate at low DSP speeds and so reduce their cost and power consumption indeed, the speed at which the ONUs operates is equal to the maximum speed that the customers are allowed to communicate at e.g. Gbit/s which is much smaller than the aggregated line rate e.g. Gbit/s .
The work presented in [ ] proposes an innovative reflective PON approach for the upstream transmission using a special configuration based on FDM", where each ONU is assigned a portion of the available electrical spectrum to perform an high spectral efficiency M-Q"M modulation format as depicted in Figure . The results presented in [ ] demonstrate that this architecture targets an upstream capacity of Gbit/s per optical carrier, outperforming NG-PON with a tenfold increase in the upstream capacity, with power budget and max reach overcoming ITU-T class N , as defined in the XG-PON standard up to km and d" ODN loss . "n important feature of this approach consists in the fact that, due to the absence of optical sources at the customer premises, the ONU can be realized as a Photonic Integrated Circuit with an unprecedented level of integration. This holds true for self-coherent reflective PONs in general, but the highest level of integration is to date relevant to the architecture shown in [ ], where the Mach Zehnder Modulator, the two tunable filters for multi-wavelength transmission and the polarizing beam splitter that characterize the proposed ONU will be realized on silicon platform, the two SO" will be suitable for photonic integration and finally the electrical driver will be flip-chipped on top for a detailed description see [ , ] .
. Conclusions
In this Chapter, we have given a general description of the self-coherent reflective PON architecture as a possible technological approach to the NG-PON requirements. We have shown that, thanks to reflective ONU and the self-coherent detection at the OLT side, the performance required by NG-PON are satisfied even without the need for a tunable laser at the ONU side. If properly integrated, the reflective ONU structure can be less expensive than the TWDM-PON solution in term of C"PEX, and have a much simpler wavelength control. The only significant increase in cost in the proposed solution is due to the presence of one coherent receiver per each upstream wavelength a cost to be shared among all the users with the same wavelength . While the cost of coherent receivers used today for long-haul is likely still too high for an OLT, it can be observed an enormous effort in the long-haul technical community to make small-form factor and low-power coherent receivers possible, so that it is reasonable to envision a sharp decrease in coherent receiver costs that may allow the use of coherent detection at OLT in the near term. 
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